particle segregation in fluidised beds consisting of different types of binary mixtures is shown to be governed by the same particle transport processes. The segregation behaviour of both "different-density mixtures" and "equal-density mixtures", two types of system which until now largely have been investigated and modelled separately, have been successfully simulated using the same technique, and assuming the same transport processes to be active in both types of system. Experimental results showing segregation profiles in both types of mixtures, but using particles very much coarser than those normally investigated, are presented. The significance of the particle transport parameters is discussed. A new empirical relation for the bubble wake angle in group B powders has been proposed, and it has been made likely that the rate of material interchange between the wake of a rising bubble and the surrounding bulk is indcpendcnt of the minimum fluidisation velocity of the bed particles. A discussion of future research seen as useful for better prediction of particle mixing and segregation is provided.
. For a system operating systems. In the present article it is shown that the below the minimum fluidisation velocity of the jetsam same particle transport processes govern the behavi-(this is often the case in equal-density systems) the our of different-density mixtures and equal-density bottom layer is defluidised. In that case bubble formamixtures, although identical equations may indeed tion will occur at the top of the defluidised layer not be directly applicable to both. This is done withinstead of by the distributor plate.
out using adjustable parameters, although some con- Gibilaro and Rowe (1974) (a) a dispersive mixing resulting from the disturbance of the bed material by rising fluidisation bubbles, and (b) a "convective" mixing (often referred to as "circulation") due to the elevation of bed material in the wake of bubbles.
When a bubble rises through the bed there is exchange of material between the wake and the surrounding bulk. The wake material is splashed onto the surface of the bed as the bubble reaches the top. The mixing caused by the action of rising fluidisation bubbles, mentioned under (a) above, arises from the fact that particles initially positioned in a horizontal plane in the bed will drift axially due to the disturbance of a rising bubble (Tanimoto et al., 1981). The drift of bulk particles due to the rise of one fluidisation bubble was measured by Tanimoto et al. whose experimental points fell in a cloud around the curve shown in Fig. 1 . The drift can be seen not to be symmetrical with respect to the horizontal plane. The cumulative effect, however, of many bubbles rising through the bed will be to disperse the particles in the bed. This dispersion will give rise to a net transport of any sort of "marked" particles in their down-gradient direction. This is what is meant when the word "dispersive" is used about this mixing mechanism.
The segregation mechanism envisaged was that of individual jetsam particles settling relative to flotsam particles. This has been observed only to occur in regions being excited by passing bubbles. The cumulative effect of many bubbles rising through the bed is to cause a net downwards flow of jetsam particles proportional to the total volume of bubbles (including their wakes) flowing upwards.
Detailed Burgess et al. (1980) has also been applied to different-density mixtures. The particle transport processes envisaged in the three other models are all different from the processes described above, and these models all contain adjustable parameters used for fitting the predictions to experimental results.
The present work was undertaken in order to demonstrate, without the use of adjustable parameters, whether the particle transport processes described above also can account for results obtained in: (a) jetsam-rich different-density mixtures and (b) equal-density mixtures with defluidisation.
IMPLEMENTATION OF THE MODEL CONCEPTS
Gibilaro and Rowe (1974) formulated conservation equations for jetsam and solved these analytically for simple systems. For various reasons the choice was made not to follow this procedure but to implement the model concepts purely numerically. The advantages of this approach are mentioned later. How the different transport parameters were estimated is briefly described below. Here, as in the other works referred to, radial variations in bed composition or rates of particle transport due to, for instance, maldistribution of bubbles or wall effects are neglected.
Tanimoto et al. (1981) measured the drift (settling distance) of jetsam particles relative to the bulk particles due to the rise of one single fluidisation bubble. They determined profiles of the drift as a function of the distance from the centre of the rising bubble in various mixtures. They defined a "segregation distance" by integrating the drift profile radially from the centre of the bubble to infinity and dividing this integral by the cross-sectional area of the bubble. The distance thus obtained would be equal to the mean settling distance if the region wherein drift occurred corresponded exactly with the cross-sectional area of the bubble (in fact, significant drift occurs up to a distance of three bubble radii from the centre of the rising bubble). The segregation distance was made dimensionless by normalising with the radius of the bubble. They found empirically that the dimensionless segregation distance was related to the properties of the jetsam and flotsam in the following manner:
(1) where p and d are densities and particle diameters, respectively, and subscripts j and frefer to the jetsam and flotsam fractions, respectively. Hoffmann and Romp (1991) Hoffmann and Romp (1990) . For the present work in binary mixtures, the bulk properties of the mixtures have been estimated by linear interpolation according to volume fraction between the properties of the pure constituents. The bulk properties, thus, vary axially in the bed. In order to determine the circulation due to material flow in bubble wakes, the values of two parameters must be known: (a) the bubble diameter at the time of formation (by the distributor plate or the defluidised layer) and the rate of growth due to coalescence and (b) the fractional wake volume as a function of the bubble diameter. The relation of Geldart (1972) was used for the bubble diameter in the present work:
where N is the number of holes per unit area in the gas distributor plate; this is by Geldart set to 1000 in the case of a porous plate. U and U,, are the superficial fluidisation velocity and the minimum fluidisation velocity, respectively, fv the bubble wake fraction, h the height in the bed and g is the gravitational acceleration. The constant 2.05 has the units (s m-1)o.94. The first term in eq. (3) gives the bubble diameter at the time of formation, the second accounts for the growth due to coalescence. Equation (3) is not the only empirical relation for the size of bubbles in ffuidised beds proposed in the literature. The bubble size at formation is, due to the strong variation of wake fraction with size for small bubbles and the high concentration of jetsam in the wake upon formation, a critical parameter for the prediction of segregation profiles. Which of the proposed relations is chosen does therefore influence the predictions significantly (see also the Discussion).
The minimum fluidisation velocity of mixtures of particles, U,,, m, were, following Cheung et nl. (1974) , calculated from those of the jetsam and flotsam fractions as
where yj is the weight fraction jetsam. This relation was originally intended to model only equal-density mixtures, but has been shown also to model the behaviour of different-density mixtures quite well (Naimer et al., 1982) . It was, in the course of the present work, verified that this relation also for these powders gave realistic predictions (Prins, 1988) . The fractional wake volume can be calculated if the wake angle, 8, (see Fig. 2 ), is known. This angle was estimated by Naimer et al. (1982) who gave an empirical reIation for the variation of the wake angle with the bubble diameter, which, however, was founded on somewhat scant experimental evidence, Better experimental data are available in Hoffmann (1983) (see Fig.  3 ), who measured the wake angle directly on the basis of X-ray images generated in three-dimensional beds. The following relation, which is also shown in Fig. 3 , is a fit to these data:
where db is the bubble diameter. The constant 60 has the units m -'. The powders used to generate the data shown in the figure fell, like the ones used in the present work, well within group B of the Geldart (1972) classification. Equation (5) can, therefore, be used with some confidence for the present work and for group B particles in general. Indications are, however, that the wake fraction becomes a function of the particle properties in very fine powders. The correlation coefficient (defined as the fraction of the standard deviation of the data accounted for by the correlation) between eq. (5) and the experimental data is 0.504, which is considerably better than that obtained when using the relation suggested by 
K, is an exchange coefficient based on the volume of the wake (i.e. net rate ofjetsam flow from the wake per unit of concentration difference per volume of wake), z is the axial coordinate, CbUlr is the jetsam concentration in the bulk, ub is the rise velocity of the bubble and E,,,/ is the voidage at minimum fluidisation conditions. The total flow of gas in the bubble phase, which in combination with eq. (3) for the volume of the individual bubbles gives the bubble frequency at different heights in the bed, was estimated from the so-called two-phase theory. This theory states that all gas in excess of that required to fluidise the bed incipiently goes through the bed in the bubble phase. The twophase theory is likely to be a good approximation to the real situation in the case of Geldart group B powders.
Many of the profiles obtained consisted of two layers each with an approximately uniform composition. In these cases it was found that instead of calculating the local CJ,,,, in each computational slice of the bed it was sufficient to calculate two values, one for each segregation layer, and this resulted in significant reduction of the time required for the simulations.
The rise velocity of the bubbles is needed for evaluation of the exchange of material between the bubble and the bulk. This was evaluated from the well-known equation (Nicklin, 1962) ;
THE NUMERICAL IMPLEMENTATION OF THE MODEL
CONCEPTS
It was found that the analytical solution of the conservation equation proposed by Gibilaro and Rowe (1974) was too inflexible and difficult to extend to complicated systems. Moreover, it is not possible to apply the analytical solution to equal-density systems with defluidisation. Naimer et al. (1982) also found that the analytical solution proposed by Gibilaro and Rowe ( 1974) created a need for oversimplification, and proposed to apply the analytical solution only over small segments of the bed where the properties could be assumed to be constant and matching the solutions in these segments numerically.
In the present work it was decided to simulate the transport processes described above purely numerically. Such a simulation is applicable to all systems, and this method has the great advantage that the basic parameters can be changed easily and their significance investigated directly. A simulation also carries the potential of predicting transient phenomena.
The strategy was to divide the bed into layers, adjusting the concentration of jetsam in each as the fluidisation bubbles travelled past them accounting for the segregation and the dispersive mixing (causing exchange of material between the layers), the circulation (removing material from the bottom of the bed lowering the position of the layers and adding the wake material to the top of the bed), the material exchange between the wake and the bulk (adjusting the concentration in each layer and in the wake) and the increase in the wake fraction with the average size of the growing bubbles (removing material from layers, lowering the position of the layers above and adjusting the wake concentration).
When studying the computer simulations it soon became clear-and this is consistent with the assertion of Naimer et al. (1982ethat the dispersive mixing of the particles, arising from the disturbance of the bed material due to the action of the rising bubbles, did not have any measurable influence on the form of the segregation profiles obtained. This allowed a considerable simplification of the numerical simulations: the slices into which the bed was partitioned could be made much thicker than was the case when the details of the drift profile of the jetsam had to be simulated faithfully. The limit to the thickness of the slices was then only dictated by the need to avoid "numerical dispersion" resulting from the averaging of the concentrations in the slices after the passage of each bubble.
As mentioned below, the value of K, turned out only to be of significance for the different-density mixtures. It moreover became clear that the variation of this parameter around its mean value due to the growth of the bubbles in the bed had a negligible influence on the shape of the profiles predicted. It was, therefore, in most cases possible to calculate K, on basis of the mean bubble diameter in the upper part of the bed, which resulted in a considerable reduction in the time needed for the simulations.
EXPERIMENTAL
The segregation patterns obtained were, as one might expect, found to be very sensitive to static electricity effects on the one hand and to surface moisture on the particles on the other. A glass column (diameter 0.146 m) was used as fluidisation vessel to eliminate static as far as possible, and a humidification system was used to bring the gas, which was air from a high-pressure supply, to a relative humidity of between 50 and 60%. It was found that if the fluidising gas was kept within this band of relative humidities, the obtained profiles were almost constant. A summary of the properties of the powders used for the experiments is given in Table 1 . The powders all fall well within the Geldart group B class (Geldart, 1972), i.e. they fluidise easily and start to bubble immediately above the minimum fluidisation velocity. Each powder fraction was created by sieving in order to obtain the low spreads in particle diameter. The height of the settled bed was always 16cm.
All the experiments were carried out after initial mixing of the powder by fluidising at a very high velocity. The superficial velocity was then reduced to the desired value, and the powder left to fluidise for 15 min. It was determined experimentally that a fluidisation time of 5 min was sufficient for the bed to reach its steady-state segregation profile. The fluidising gas was suddenly turned off in order to "freeze" the bed composition. The bed was then sectioned by the use of a vacuum technique, also used by other workers, for the removal of one layer of the bed at a time (in total 10 layers), and each of the layers was analysed by sieving.
EXPERIMENTAL RESULTS COMPARED WITH

SIMULATIONS
Below the simulations are compared with the experimental segregation patterns obtained. The different types of binary systems are considered separately.
Jetsum-poor different-density mixtures
The main object of the present paper is to show that particle transport mechanisms proposed by Gibilaro and Rowe, and applied to jetsam-poor different-density mixtures in the past, also can account for the behaviour of jetsam-rich different-density mixtures and equal-density mixtures. However, preliminary experimental work was done also on jetsam-poor different-density mixtures. The particles used for this work have minimum fluidisation velocities an order of magnitude higher than those used by other workers in the past for this sort of measurement Some interesting observations were therefore made, the most important are briefly summarised below.
The system used was glass ballotini (I) and bronze. It can be seen in Table 1 , that the U,, of the jetsam is considerably lower than that of the flotsam. This makes the behaviour of the system very "volatile" and especially difficult to simulate accurately. A small decrease, for instance, in the fluidisation velocity will cause less bubbling, which will result in less mixing and, therefore, a lower concentration of jetsam in the upper part of the bed. This in turn will lead to an increase in the local U,, in the upper part of the bed, which again causes less bubbling, etc. In spite of the system being so difficult the general impression was that the simulations agreed quite well with the experimental results.
Example results obtained in this sort of system are shown in Fig. 4 . The figure shows the composition of each individual layer, in which the bed was fractionated, as a function of the dimensionless axial position of that layer (traditionally plotted on the y-axis). A 90% confidence interval for the observed composition of each layer of the bed was calculated on basis of duplicate experiments. A convenient formula for estimation of the variance of observations which are in 
where x are the individual observations, the subscripts 1 and 2 refer to the two duplicate observations (weight fraction jetsam in this case), subscript i denotes the (duplicated) experiment, in this case the bed layer, and N is the total number of (duplicated) experiments, here equal to the number of layers in the bed; sz is the estimate of the variance of the observations. This estimate of the variance was translated into a 90% confidence interval under the assumption of a normal distribution of the randomly scattered observations. In no case did this exceed +0.03 weight fraction of jetsam, and this interval is, therefore, given as a 90% confidence interval in Fig. 4 . Numerical simulations of jetsam-poor differentdensity mixtures were performed both following the method described by Naimer et al. (1982) and using the simulation scheme developed in the course of the present work, The two simulations yielded very similar predictions, but neither yielded profiles remotely consistent with the experimental results (see the broken curves in Fig. 4 ) when using the particle transport parameters calculated from the formulae given above. This disagreement is mainly due to the estimate of the wake/bulk exchange parameter, which, as mentioned, is the main parameter determining the deviation of the profile of the top segregation layer from the vertical. This discrepancy can be resolved in the following way.
Equation (6) shows the exchange rate coefficient to be proportional to the 7J,,,f of the bed. This is a result of the theoretical analysis of Chiba and Kobayashi (1977) , but was not verified experimentally in the course of that work. The powders used in the present study had values of U,, an order of magnitude 
then the simulated profiles agree very well with the experimental ones (the solid curves in Fig. 4) . The results, therefore, indicate that the exchange coefficient is independent of CJ,,,,. That this may, in fact, also be the case is made likely by physical arguments in the Discussion. Naimer et al. (1982) report that jetsam-rich different-density mixtures could not be modelled by their method. An experimental segregation pattern of a mixture containing 75% jetsam by weight is shown in Fig. 5 . The profile is clearly well modelled by the numerical simulation program, using the exchange rate parameter independent of U,,,, given by eq. (9).
Jetsam-rich different-density mixtures
Equal-density mixtures with dejluidisation
When performing experiments, it soon became clear that the jetsam concentration in the upper (fluidised) part of the bed always was very close to uniform. It would, therefore, seem that rhe wake/bulk interchange in these systems is less than that seen in different-density systems. It seems plausible on reflection that the rate of material exchange should depend on the difference between the densities of the two fractions as such a difference will cause the bulk density of the powder in a wake richer in jetsam to be higher than that in the surrounding material. The exact quantification of such a dependency is a possible subject for further research. The profiles obtained, thus, consisted of two layers each with a uniform jetsam concentration. The composition of the two layers were clearly independent of the initial concentration of jetsam (unless insufficient jetsam was present for the formation of the lower segregation layer). The results for all initial compositions are, therefore, plotted together in the following form: on the horizontal axis the jetsam concentrations of each of the two segregation layers is shown and on the vertical axis the fluidisation velocity (Figs 6 and 7) . The predictions of the model of Chen (1981) are also indicated in these figures. A global estimate of the variance of the individual observations was obtained by summing the squared errors of the observations from their respective means and dividing by the number of degrees of freedom (the number of observations less the number of means determined). Estimates of the variances of the means were then obtained by dividing by the number of repeat observations at each experimentaI condition. These were then, under the assumption of normal distributions, translated into 90% confidence intervals. It can be seen in the figures that there is good agreement between the observations and the model predictions especially in view of the approximations made (the adoption of the two-phase theory and the relations for the bubble diameter and the wake fraction). Some discrepancy is evident in Fig. 6 , where the difference in compositions between the upper and lower segregation layers is slightly higher than the model predicts. The agreement in Fig. 7 is very good, the model predictions lie within the 90% confidence intervals of the experimental points throughout the range of fluidisation velocities.
The model concepts of Gibilaro and Rowe, which in the past have only been applied to different-density mixtures, have, thus, successfully been applied to the behaviour of equal-density mixtures. We may conclude that, if it is assumed that the wakes of the bubbles forming on top of the defluidised layer consist of material from this lower layer, the distribution of jetsam between the two segregation layers can be predicted by applying these model concepts, and equal-density mixtures have, thus, been shown to be governed by the same particle transport mechanisms as different density mixtures.
DISCUSSION
It has been possible to demonstrate that the mixing and segregation behaviour of particles in all classes of binary mixtures can be modelled based on the same concepts. The numerical values for the involved parameters have all been determined separately, and in this sense adjustable parameters have not been required. The results of the experimental work, however, has given rise to some conclusions about the magnitude of these parameters: a new empirical relation for the bubble wake fraction has been given, and the coefficient describing the material exchange between the bubble wake and the bulk, was found only to fit the results if it was assumed to be independent of the value of U,, for the bed particles. That this may well be the case, however, will be made plausible by comparing the flow of solids around fluidisation bubbles of like volume in fluidised beds consisting of large or small particles, respectively.
Consider the bubble with its associated wake shown in Fig. 8 . This model of a "sphere completing wake" is consistent with the photographic images of rising fluidisation bubbles (Reuter, 1966; Stewart, 1968) . The velocity of the rising bubble is given by eq. (7), and, since we are comparing bubbles of like volume, we are, according to eq. (3), comparing beds U -V,,) . Thus, the bubble 'rise velocity is independent of the size of the bed particles. The size of the "cloud" of recirculating gas surrounding the bubble, however, increases with increasing size of the bed particles (Davidson, 1961). The particles most likely to be taken up in the wake travel along the surface of the bubble. Consider a volume of particles travelling towards the bubble wake as indicated in the figure, the velocity with which they travel is independent of the size of the bed particles since the bubble velocity is. The mass of a given volume of particles is also independent of the particle size if the voidage and the particle density is the same. The reaction of the travelling particles to a given force is, therefore, independent of particle size. If, therefore, the force acting on the particle assembly arising from the gas percolating inwardly towards the bubble void is independent of the size of the bed particles as well we may conclude that so is, probably, the rate of assimilation of particles in the bubble wake.
All models for the flow of the fluidising gas around fluidisation bubbles (this flow is assumed to be steady in a coordinate system moving with the bubble) are based on the adoption of Darcy's law, which in its three-dimensional form is u, = k grad (p)
where II, is a vector describing the fluid velocity relative to the solids, k is a proportionality constant, and p is the pressure. For an incompressible fluid this leads to div [grad (p)] = 0.
The boundary conditions for this differential equation are independent of the size of the bed particles (constant pressure at the surface of the bubble and the gradient of the pressure equal to the buoyant weight of unit volume of the particles far from the bubble). Thus, the gradient of the pressure and, therefore, the force per unit volume acting on the particles everywhere, also the particles indicated in Fig. 8 , is independent of the size of the particles. We may thus, as pointed out above, expect the rate of assimilation of particles in the bubble wake to be independent of the size of the bed particles and, therefore, their U,,. Equation (11) and the associated boundary conditions show that even though the fluid flow pattern is different for different cloud volumes (and different bed particles), the pressure field and the force acting on the particles per unit volume is the same. Therefore, whether particles enter the bubble cloud at the front of the bubble or not does not affect the likelihood of their entering the bubble wake. Equation (9) indicates that the wake/bulk material transfer coefficient is inversely proportional to E,,,~ and to de. The former varies very little in fluidised beds, and this dependency is, therefore, difficult to verify experimentally.
For geometrically similar bubbles it is easy to show that inverse proportionality of K w with db simply means that the total volumetric flow rate of material in and out of the bubble wake is proportional to the size of the wake/bulk interface, which on reflection is very reasonable. The bubble rise velocity is a weak function of db [see eq. (7)] and one might expect that this would give rise to another dependence of K, on db. It is not intuitively obvious, however, when studying the photographs of Reuter (1966) whether the rate of interchange should be directly or inversely related to the rise velocity of the bubble.
It is likely that other mechanisms of mixing in fluidised beds have to be taken into account in other systems. While the mixing processes considered here should account for variations with type of gas distributor plate through the variation of the size and wake fraction of bubbles at formation, there is little doubt that gross solid circulation is likely to play an increasing role the larger the bed, especially at height to diameter ratios close to unity.
Although it has been possible to obtain good agreement between simulations and experiment using only published or separately fitted relations for the parameters, a considerable amount of empirical and theoretical research work is necessary before the mixing and segregation processes considered here can be quantified with confidence. In the first place it was mentioned above that a number of relations for the bubble size and growth rate exist in the literature. The predictions of these models are too different to allow exact predictions of segregation patterns. In the second place, although the relation for the bubble wake fraction as a function of size proposed in the present article is somewhat better founded in experiment than earlier proposed relations, a thorough empirical investigation of this aspect is called for. Finally, also the rate of material exchange between the wake of a rising bubble and the surrounding bulk should be determined directly in a wider range of powders to confirm the independence of U,, of the bed particles suggested by the present results.
Not only empirical but also theoretical work is needed. Up to the present time, the research into the mixing and segregation of particles in fluidised beds has been limited to empirical determination of the magnitudes of the parameters involved. Theoretical research into the following areas would help in the prediction of particle mixing and segregation in fluidised beds.
How can the segregation behaviour of particles different from the bulk particles be explained in terms of the forces acting on them: the hydrodynamic forces and the forces (collisional, sliding or adhesive) arising from point contacts with other particles?
A better understanding of the nature of the wake carried by fluidisation bubbles could lead to more confident predictions of wake fractions, A promising development is recent work wherein the so-called two-fluid equations of fluidisation are being solved numerically (Kuipers, 1990 ). This work has already been successful in that simulated rising bubbles exhibit a wake-like indentation. The nature of this "wake", however, is not entirely clear, whether it contains indentifiable wake material following the motion of the bubble, or if bed material flows freely in and out of this identation. Work in the segregation behaviour of binary mixtures, the present work included, indicates that the wake material is carried with the bubble with only very little exchange with the surrounding bulk and this is confirmed by the photos taken by Reuter (1966) . This would have to be reflected in the numerical simulations for a satisfactory description of the wake.
A theoretical description of the mechanism of formation of fluidisation bubbles would aid in the prediction of bubble sizes at formation. The theory of formation of bubbles in liquids is well advanced. In fluidised beds, however, where there is no surface tension, the problem of detachment of the bubble from the orifice at which it is formed is not so straightforward. The numerical solutions of the two-fluid equations of fluidisation seem to represent progress also in this respect. 
